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FULL-SCALE INVESTIGATION OF SEVERAL JET-ENGINE

NOISE-REDUCTION NOZZLES

By Willard D. Coles and Edmund E. Callaghan

SUMMARY

A number of nolse~suppression nozzles were tested on full-scsale
engines. In general, these nozzles achieved noise reduction by the mix-
ing interference of adjacent jets, that is, by using multiple-slot noz~
zles. BSeveral of the nozzles achieved reductions in sound power of
gbout 5 decibels (nearly 70 percent) with small thrust losses (approx.

1 percent).

The maximum sound-pressiure level was reduced by as much as 18
decibels in particular frequency bands. Some of the nozzles showed con-
slderseble spatiel asymmetry, that is, the sound field was not rotatlional-

ly symmetricsal.

A method of calculeting the limiting freguency affected by such
nozzles is presented. Furthermore, datas are shown which appear to in-
dicate that further reductions in sound power will not be easily achieved
from nozzles using mixing interference as a means of noise suppression.

INTRODUCTION

The normal cavelopment of the Jjet engine has produced sizeble in-
creases in thrust and, also, unfortunately, jet-engine noise. In fact,
current jet engines are truly awesome noise producers. There ere several
approaches to reducing the jet-engine noise heard by the observer, that
is, the public. The tekeoff and climb-~out pattern of the aircraft (ref.
1) can be adjusted to cause the least annoyance, or the engine itself
can be made quieter.

It is well established that the principal source of jet-engine noise
arlses from the turbulent mixing of the jet with the surrounding atmos-
phere (ref. 2). The noise generated by this process 1s a functlon of the
product of the elghth power of the jet velocity and the jet area (refs.

2 and 3). Consequently, reductions in jet velocity will greatly reduce
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noise. To accomplish this, however, mesns a change in the engine cycle,
for example, the bypass engine, or a completely new engine design con-
cept, for example, the low-temperature engine (ref. 4). In any case,
such a development program would requlre years before a reliable and
tested product could be installed on new alrcraft: Therefore, the
present problem is to guiet-existing englnes.

Since the nolse generstion results from the turbulent mixing of the
Jet, & change in this process should result in a change in noise. Most
of the nolse-reduction devices tested during the last several years hsave
been based on this principal. A great many different devices have been
tried (refs. 5 to 7), but, in general, all seek to alter the mixing proc-
ess elther by odd-shaped nozzles or by the interference of multiple Jets.

A theory relsting Jet turbulence to noise generation 1s discussed
in reference 8. The most signifilicant result of this work relstes the
eddy size and the turbulent intensity to noise generation. As a result
of this enalysis, 1t appears thaet reduction of nolse generstion can be
accomplished in one of the followlng ways: (l) Eddy size is decreased
at constant turbulent intensity, (2) turbulent intensity is decreased at
constant eddy size, or (3), and most desirable, both eddy size and in-
tensity are decreased. The fact that it is known how noise reduction
may be accomplished helps somewhat, but i1t is certainly not readlly ap-
perent what physical devices will result in any of the three suggested
means of nolse reduction.

The devices discussed herein follow the general principles outlined
for sccomplishing nolse reduction. Some of the devices which wlll be
discussed have been trled elsewhere and are presented as confirmation of
previous work. The investigation reported herein was conducted at the
NACA Lewis laboratory as part of a long-range study of Jjet noise and
means for 1ts suppresslon.

SYMBOLS
The following symbols are used in this report:

exit aree of nozzle, sq ft

ambient speed of sound, ft/sec

nozzle diameter, ft

engine thrust, 1b

corrected thrust ratio
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frequency, cps

frequency corresponding to x distance, cps
jet height (see fig. 6(b)), £t

engine speed, percent of rated rpm

number of spaces between nozzle segments
sound power of suppressor nozzle, W

sound power of standard nozzle, w

jet spacing (see fig. 6(b)), £t
tallpipe temperature, °R

jet velocity, ft/sec

jet width (see fig. 6(b)), ft

distance from nozzle exit to point at which adjacent Jets
impinge, £t

ratio of engine-inlet total pressure to NACA standard sea-level
pressure of 2116 1b/sg ft

ratio of englne-inlet total temperature to NACA standard sea-
level temperature of 518.7C R

atmospheric air density, slugs/cu £t

APPARATUS AND PROCEDURE

Turbojet Engines

Two sxial-flow turbojet engines, with rated sea-level thrust of ap-
proximately 5,000 and 10,000 pounds, were used in this investigation.
At rated conditions, the total- to static-pressure ratio across the exit
nozzle was approximately 1.7 for the low-thrust engine and 2.3 for the
high-thrust engine. The jet velocities were spproximately 1730 and 1900
feet per second, respectively. These engines were mounted in an engine
thrust stand, shown in figure 1 with the 5000~-pound-thrust engine in-
stalled. The centerline of the engine is located 8 feet above the ground

plane.

The engines were equipped with large inlet bellmouth sections and

were provided with screens at the bellmouth entrance to prevent ingestion
of forelgn meterial.
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Engine thrust wes measured by means of temperature-compensated
strain-gage thrust links of appropriate range which gave measurements
accurate to 1/2 percent. Engine airflow was messured by means of static~
pressure rskes and wall taps to within 1/2 percent., Additional Iinstru-
mentation was provided for measuring fuel flow, exhaust-nozzle total
pressure, and jet temperature.

Three different engine exhaust cones (two larger than standard)
were uged with the 5000-pound-thrust engline. The larger cones were used
in conjunction with the noise-suppressor nozzles., The standard cone was
used only with the standard conical convergent nozzle.

Acoustlc Measurements

The thrust stand (fig. 1) is located in an area which is unobstructed
rearward and to the sldes for over ;/z mile. The nearest reflecting sur-
face, other than a small control room, was located approximately 400 feet
i1n front of the thrust stand. The reflective effects from the control
room should be extremely small at sll the measuring stations shown on
filgure 2, becsuse no measuring stations are close to the bullding and be-
cause of the smsll size of the bullding and the angle at which it is
located., Measurements of the over-all sound-pressure levell were made
approximately 8 feet above ground level at 15° intervals from the Jet
axis and at a 200-foot radius from the jet exit for all the positions
shown in figure 2. Sound-pressure level was measured with & commerclal
sound-level meter set to a flat response from 20 to 10,000 cycles per
second. Spectrum data were obtelned with an automatlc audiofrequency
enalyzer and recorder. The frequency range of thils system is from 35 to
18,000 cycles per second and 1s divided into 27 one-third-octave bands.
The spectrum recorder end related equipment were-mounted in & specially
adapted, insulated panel truck. Before each test, both the sound-level
meter and the frequency-recording system were calibrated with a small
loud-speaker~type calibrator driven by a transistor oscillator.

Although extreme care wes taken to callbrate the sound-measuring
equipment, other sourcees of error affected the results. The wind has an
apprecisgble effect on jet direction and hence distorts the sound field.
No tests were made at wind velocities greater than 14 miles per hour,
but some errors do occur because of wind gusts. Tests made on different
days with the same nozzle showed that local sound-pressure~level varla-
tions might be as high as 33 decibels because of displacement of the Jet.
However, the sound-power levels always varled less than 41 decibel. The

lThe nomenclature of acoustic terms (sound pressure, sound-pressure
level, sound power, and spectrum level) used in this report is that of
reference 9.
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sound power should be expected to have less error since it results from
an integration over the whole sound fleld, and errors in local values
tend to average out.

Normally acoustic measurements were made at engine rotational speeds
of 100, 97.5, 92.5, and 87.5 percent of rated speed. At each engine
speed, spectrum measurements required ebout 20 minutes. In most cases,
no spectrum messurements were made at 100 percent speed.

Noise~Suppresslion Nozzles

A list of the noise-suppression nozzles used in this investigation
is given in table I. For convenience, each nozzle has been assigned a
letter designation (given in teble I), such as "nozzle A," and so forth,
and will be referred to in this manner in the succeeding discussion.
Pertinent details of the nozzles are shown in figures 3 to 13.

It should be noted that area adjustment tabs have been provided at
the exits of all the nozzles (e.g., fig. 3). These tabs are used to
trim the exhaust area to obtain the correct relation between engine
speed and tallpipe temperature, that is, rated tailpipe temperature at
rated englne speed.

RESULTS

The effectiveness of the noise-suppression devices is demonstrated
by comparison with the original noise source. Initially, comparisons
will be made of the total sound power rediated, the spectrum level (sound—
pressure level per cycle), and the directionality pattern for the various
suppressor devices and a standard conical convergent nozzle.

Such comparisons are useful for showing trends but cannot be used as
absolute measures of effectiveness since ambient conditions affect both
the engine operation and the sound generstion. Data will be presented
for a fixed engine speed of either 97.5 or 100 percent of rated engine
speed. The over-all sound-pressure levels will generally be presented
for 100 percent and the spectrum level, for 97.5 percent rated engine
speed for the reasons discussed in APPARATUS AND PROCEDURE. With regard
to both acoustics and engine operation, final comparisons of the various
nozzles will be made using normaelized parsmeters which eliminate daily
temperature and pressure variations. Furthermore, comparlsons between
different engines equipped with suppressor nozzles are only possible
using normalized paremeters.
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Nozzle A, Six-Corrugation Nozzle

Figure 14(a) shows the directional distribution of the sound for a
glx-corrugetion nozzle (nozzle A, fig. 3) and a standard nozzle. On this
and subseguent simllar filgures, only one-half the total sound field is
shown. The values of sound-pressure level presented are averages of the
values on opposite sldes of the jet axis. This has been done in order to
minimize the wind effects discussed previously 1n APPARATUS AND FROCEDURE.

It is evident that this particular suppressor nozzle shows very
little effect on the directional pattern and level of the sound. In fact,
the total sound power radiated for this nozzle was 164.3 decibels as com-
pared with 168.1 decibels for the standerd nozzle. These results, in
general, confirm the work of Greatrex on a similar nozzle (ref. 6).
Greatrex has shown that deeper corrugetions will.provide greater reduc-
tions in the area of maximum sound-pressure -level (30° to 60° azimuths).
Several frequency distributions of sound pressure obtalned with this noz-
zle are shown in figure 14(b). The figure shows that the spectrum levels
at azimuths of 90° and 150° are practicelly the same ag for the standard
nozzle. At a 30° azimuth, there is a decrease in energy between frequen- .
cies of 150 and 600 cycles per second with slight increaeses on either
slde. It 1s not surprising, therefore, that the power-level distribution
with frequency is practically unchanged from that of the standard nozzle
(fig. 14(c)).

Nozzle B, Three-Segment Nozzle

Nozzle B (three-segment nozzle) reflects the trend toward deeper
corrugations mentioned previously (ref. 6). Figure 15(a) shows a polar
prlot of the over-all sound-pressure level for the three-segment nozzle
(fig. 4) and the standerd nozzle. It is evident from the figure that
this suppressor had little effect on either dlrectionality or sound-
pressure level, Consequently, the total power radiated was reduced only
slightly from that of the standsrd nozzle, that—is, less than 1.0 decibel.

The spectrum levels (fig. 15(b)) at the 90° and 150° azimuths are
quite simllar to thoese of the standard nozzle and only that at the 30°
szimuth shows any significant changes. Here there-is a decrease in energy
between frequencies of 150 and 750 cycles per second with increased values
on either side. As might be expected, the frequency distribution of the
sound was only slightly different from that of the standard nozzle (see

fig. 15(c)).

Nozzle C,-Twelve-Segment Nozzle with Centerbody

Nozzle C wes the only one investigated on the high-thrust engine; "

and, as pointed out previously, the results should only be compared with

.y ———
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other suppressor nozzles on the basis of normalized parsmeters. This
nozzle utilizes the ldes of deep corrugatlions but has 12 separate seg-
ments through which the gas issues (fig. 5).

The sound polar plot of the over-all sound-pressure level for this
suppressor nozzle and a standerd nozzle is shown in figure ls(a). These
data show a marked reduction in sound-pressure level both rearward and
to the sides of the engine. In fact, the pesk sound-pressure level (at
the 30° azimuth) has been reduced by 1l decibels. The over-all effect
has resulted in a sound-power reduction of 8.5 declbels. Most of this
reduction in sound power occurred in the frequency range from 40 to 1000
cycles per second, as shown in figure 16(c). In fact, the reduction at
a frequency of 200 cycles per second 1s gbout 15 decibels. Furthermore,
the spectrum levels at various azimuth sngles (fig. 16(b)) show quite
interesting characteristics. At s 30° azimuth, the spectrum level is
decreased in the frequency range between 40 and 1000 cycles per second;
at & 90° azimuth, the spectrum level 1s decressed in the frequency range
between 40 and 300 cycles per second; and at a 150° azimuth, the spectrum
level is reduced in the frequency range between 40 and 2000 cycles per
second.,

Nozzle D, Nine-Section Rectangular (3 in. Wide
by 12 in. High) Slotted Nozzle

The effectliveness of nozzle D (9-section rectangular slotted nozzle)
a8 a nolse suppressor is shown by the polar disgram of over-all sound-
pressure level (fig. 17(a)). Data are presented for the nozzle mounted
both horizontally (fig. 6) and vertically. It is evident that measure-
ments made in a horlzontal plane show a different pattern, depending on
nozzle orientation; hence, the usual assumption of spatial symmetry does
not hold. This effect was expected, however, since the results of refer-
ence 10 for single nozzles with elongeted cross sections (ellipses) show
this tendency. It was expected this effect might be amplified by the use
of multiple slots. The effect of nozzle orientation (fig. 17(a)) shows
that the over-all socund-pressure levels increased somewhat from the 45°
to the 90° azimuth and decreased from the 15° to the 30° azimuth when
the nozzle was mounted vertically.

The distribution of sound pressure with freguency does not appear
to differ greatly wilth nozzle orientation, as shown by the spectrum
levels (figs. 17(b) and (c)). Aside from slight shifts in levels which
reflect the results shown in figure 17(a), there are small differences
in the shapes which indicate sn energy shift toward higher frequencies
for the nozzle mounted vertically. In essence, this means that, for a
nozzle mounted horizontally, the sound pressures 1n the vertical plane
(vertical to ground and containing the Jet axis) are somewhet grester
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and have more high-frequency energy than those 1in the horizontal plane
(parallel to ground and. containing the Jet axis).

The fact that the sound field 1s not—rotationally symmetrical about
the Jjet axis means that the sound-power radiastion (over-all or Iin fre-
guency bands) should be calculated using aversge values. From the re-
sults shown in figure 17(a), it is evident—that a simple arithmetic
average of the intensities 1s sufficient to glve good accuracy for
either total sound power or power levels in frequency bands.

The distribution of-sound power with frequency is shown in figure
17{d). It is evident that considerable decreases have-been obtailned at
frequencies from 100 to 2000 cycles per second when compsared with that
of a stendard nozzle. The total power radiated is 161.4 decibels as
compared with 166.1 decibels for a standard nozzle. ’

Nozzle E, Nine-Section Rectangular (2 in. Wide by
18 in. High) Slotted Nozzle

Figure 18(a) shows the sound polar disgram for nozzle E (9-section
rectangular nozzle) mounted in both the horizontal (fig. 7) and vertical
positions. It 1s evident that the use of long narrow slots (2 by 18 in.)
has resulted in considersble sound emsnation at approximetely right
angles to the jet (90° azimuth), as evidenced by the date for the ver-
ticeal position. It would appear that, in genersl, nozzle E produces
greater sound pressures than nozzle D and hence is & less-effective nolse
suppressor. The total sound power radiated by nozzle E is 163.9 decibels,
which 1s 2.5 decibels more than for nozzle D but somewhat less than for
the standard nozzle (166.1 db).

The distribution of sound power wilith frequency for nozzle E as com~
pared with that for s standard nozzle is shown in figure 18(d). It is
evident that some low-frequency energy (100 to 1500 cps) has been shifted
to higher frequencles leaving the total_power radiated approximately the
same in both cases. It 1s evident from the spectrum-level curves of
figures 18(b) (nozzle horizontal) and (c) (nozzle vertical) that the
shift in total power spectrum results chiefly from the shift in energy
in the reglion of maximum sound radiation (300 azimth) and the increassed
energy at higher frequencies for the 90° azlimuth.

Nozzle F, Seven-Section Rectangular (Zg in. Wide

by 18 in. High) Slotted Nozzle

Nozzle F (seven-section rectangular slotted nozzle, fig. 8) is a
modification of nozzle E discussed in the preceeding section. The

C9eT
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original nozzle (nozzle E) was cut back snd the two outer slots blocked
off by an internal fairing. Both nozzle F and the original nozzle show
somewhat the same characteristics. The polar disgrem of over-all sound-
pressure levels (fig. 19(a)) shows considerable radietion at nearly
right angle to the Jjet axls as does the original nozzle. There is one
very important difference, however. Nozzle F shows practically no ef-
fect of nozzle orientation on over-all sound-pressure level, whereas
the original nozzle shows apprecleble effects., It is evident from a
comparison of figures 18(a) and 19(a) that nozzle F is not appreciably
different from the original nozzle, E. The sound power radiated is
163.5 decibels for the modified nozzle snd 163.9 decibels for the orig-
inal nozzle as compared with 166.1 decibels for the standard nozzle.

The distribution of sound power for this nozzle (fig. 19(d)) shows
only small differences from the original nozzle. Furthermore, the
spectra at the three azimuth positions (figs. 19(b) and (c)) are quite
similar to those obtained with nozzle E. At the 30° azimuth, the spec-
trum dip is greater for nozzle E than for nozzle F (both mounted hori-
zontally). With vertical nozzle orientation, the reverse is true. A
comparison of the spectra vertlcally and horizontally for nozzle F shows
that, while there i1s spatial symmetry of the over-all sound pressure
(fig. 19(a)), there is not symmetry for the individual frequency bands.

In fact, at frequencles near 1000 cycles per second (for the 30°
azimuth), data for the nozzle mounted vertically (fig. 19(c)) show re-
ductions in spectrum level (from that of the standard nozzle) of as much
as 25 decibels. For the nozzle mounted horizontally (fig. 19(b)), dsta
for the same szimuth and frequency show neglligible reduction. The net
effect on sound power is therefore quite small (fig. 19(d)).

Nozzle G, Six-Sectlon Rectangular (6 in. Wide
by 9 in. High) Slotted Nozzle

The sound polar diasgram for nozzle G (mounted horizontally, fig. 9)
and the standard nozzle is shown in figure 20(a). There is a reduction
in sound pressure for nozzle G (six-section rectangular slotted nozzle)
in all directions. A check of this nozzle mounted vertically showed no
gppreciable changes in the sound-pressure level, The distribution of
the sound power (assuming spatial symmetry) is shown in figure 20(c).
Comparison of the distributlon with that of the standard nozzle shows
that the reduction of total power from 166.1 to 162.8 decibels results
from a reduction in sound power at the frequenecies below 600 cycles per
second.

The spectrum-level curves (fig. 20(b)) show rather interesting
characteristics when compared with those of a standerd nozzle. At the
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30° azimth, there 1ls considersble decrease in energy below frequencies
of 500 cycles per second and conslderable increase above frequencies of
700 cycles per second. At the 90° azimuth, the data show little effect
at low frequencies but a dip in energy at frequencies between 700 and
3200 cycles per second. The results at the 150° azimuth are quite sim-
ilar for both thils nozzle snd the standerd nozzle. It 1s interesting
thet the shift in energy upward in frequency on the 30° azimuth is
mostly offset by the decrease in energy above a frequency of 700 cycles
per second radiated at the 90° azimuth. The resultant effect (fig.
20{c)) shows little change in the total energy above a frequency of 700
cycles per second when compered with the standard nozzle.

Nozzle H, Six-Section Rectangular (9 in. Wide
by 6 in. High) Slotted Nozzle

The characteristice of nozzle H (six-sectlon rectangular slotted
nozzle, fig. 10) are very similar to the characteristics of nozzle G
discussed in the previous section. The total power radisted was some-
what less, 161.3 decibels compered with 162.6 decibels, and the over-all
sound pressures were slightly reduced (fig. 21(a)); but, in general, the
discussion given previously applies equally well for both nozzles.

Nozzle I, Six-Section Rectangular (9 in. Wide by 6 in. High)
Offset Slotted Nozzle

Nozzle I (six-section rectangular offset slotted nozzle) is a modi-
fication of the nozzle discussed in the previous section. The outer
slots were cut back 6 inches and the next inner pair, 3 inches (fig. 11).
Internal trimmers were used to cbtain the same slot—wilidth. As might be
expected, the polar dlagram of sound-pressure level (fig. 22(a)), the
sound power (161.4 db), and the distribution of sound power with fre-
quency (fig. 22{(c)) are nearly the same for both the modified nozzle I
and the original nozzle H.

The spectrum-level curves (fig. 22(b)) show some variation Ffrom
those of nozzle H, but the general trends remain the same. There is
a slight shift and Ilncrease in the dip of the frequency distribution
curves st a frequency of gbout 400 cycles per second for the 30° azimuth
data. At a 90° azimuth, there is a peak in energy at a frequency of
2500 cycles per second instead of the dip obtalned with the original noz-
zle. The total effects of these changes, however, are not large, and it
would appear that the slightly noncoplanar slotted nozzle is not signifi-
cantly different acoustically from the coplanar nozzle.-

cocYy
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Nozzle J, 18-Section Rectangular (2% in. Wide by

8 in. High) Slotted Nozzle

Sound polar dlegrems for nozzle J (l8-section slotted nozzle)
mounted both horizontally (fig. 12) and vertically are shown in figure
23(a). It is evident that considersbly higher sound-pressure levels
were obtained with the nozzle mounted in the vertical position, that is,
the sound field is not rotetionally symmetrical. Spectrum-level curves
(figs. 23(b) and (c)) for the nozzle mounted in both the horizontal and
vertical positions show & considersble decrease In the low-frequency
energy with some increase of high-frequency energy. This is clearly
evident at the 30° azimuth for both nozzle orientations. The trend to
less low-frequency nolse is evident at both the 90° and 150° azimuths.
The over-all effect is shown Iin figure 23(d) and indicstes & 10-decibel
decrease in sound pressure at a frequency of 200 cycles per second with
a slight increase in the energy sbove a frequency of 2000 cycles per
second. The total power radisted by nozzle J was 5.0 declbels lese than
that of the standard nozzle.

Nozzle K, l2-Section Rectangular (4 in. Wide
by 6 in. High) Slotted Nozzle

Nozzle X (l2-section rectengular slotted nozzle, fig. 13) is a mod~-
ification of the 18-section slotted nozzle discussed in the previous
section. The sound-pressure field obtained with this nozzle mounted
horizontally is shown by the polar diagram of figure 24(a). The spectrum-
level curves at three positlons are shown in figure 24(b). A comparison
of these results with the results for the previous nozzle do not show any
significant changes, and, in fact, the 1l2-section nozzle appears to be
a less effective suppressor. This results laergely from the spectrum
changes at the 30° azimuth in the frequency range between 300 and 1000
cycles per second (fig. 24(b)). Because this nozzle was not particularly
different and not as good a suppressor as the 18-section slotted nozzle,
it was not tested in the vertical position. Hence, no power levels are
avalleble since the sound field cannot be asssumed rotationaelly symmet-
rical for such a configuration.

Comparison of Sound-Power Radistion by Means of Lighthill's Parameter

In order to provide e valid comparison of the sound power radiated
with the various nozzles with regard to both acoustics and engine opera-
tion, the data must be normelized so that effects of dally temperature
and pressure variations are insignificant. For the englne this is ac-
complished by properly trirmming the teilpipe area such that the engine
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alweys operates with the correct relation between corrected tailpipe
temperature T/6 and corrected engine speed N/Y/8. It is well estab-
lished (refs. 10 and 11) thet the sound power radiated from a jet 1ssu-
ing from a circular convergent nozzle can be correleted using the
Lighthill paremeter pOAVB/ag. In reference 2 it 1s shown that both

small air-jet and full-scale engines are well correlated by a single rela-

tion if the velocity V wused for the-engine is defined as the ratio of
engine thrust to mass flow. The linear relation of sound power and
Lighthill's parameter, both in weatts, was found to apply even though the
nozzle pressure ratio slightly exceeded the choking value (ref. 2).
Thrust losses show up as a decrease in velocity and a consequent decrease
in Lighthill's parsmeter. This is an extremely important point since any
device which reduces thrust,; hence Lighthill's parameter, must show
greater noise reductions than those which could be obtalned by throtiling
back the engine (with a standard nozzle) to an equal thrust value.

Figure 25 shows the sound-power ratio (ratic of suppressor-nozzle
gound power to standard-nozzle sound power) for sll the nozzles plotted
against Lighthill's paremeter. Nozzles C, D, G, H, I, and J all give
substantial reductions and, in fact, reduce the sound power by 50 to 75
percent (3 to 6 db) at rated engine power.

Thrust I.oss of Suppressor Nozzles

As mentioned previously, condltions at-the jet exit of an engine are
dependent on the ambient conditions. It-is well established (ref. 12)
that engine thrust can be normalized by plotting corrected thrust F/S
against corrected engine speed H/;/g. FPigure 26 shows the corrected
thrust ratio, that is, the ratio of suppressor-nozzle corrected thrust
to standard-nozzle corrected thrust, plotted as a functlon of corrected
engine speed. It is evident there 1s & noteble range of thrust losses.

The extremely large thrust loss of nozzle F (seven-segment (Zg'by 18 in.)

rectangular nozzle) was probably caused by low pressures acting on the
surfaces between the segments. 8Such low pressures result from the rela-
tively high induced velocities of the mixing air in traversing the long
narrow slots between adJjacent jets.

The large thrust losses of nozzle C with the large centerbody also
probably result from low pressures. In this case, the hot gases separate
from the cone and low pressures result. As might be expected, the thrust
Joss decreases at rated speed since--the nozzle pressure ratio 1s high
(2.3) and hence the flow will expand and flow farther along the cone. It
is quite possible that some of this loss might be decreased by using

better aerodynamic design.

It is interesting to note that nozzles G, I, and D were smong the
best devices tested for noise reduction, and &ll have quite small thrust

£9CV
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losses. Several of the dats points for nozzle I are slightly greater
than unity. This results from decreased pressure losses assoclated with
the larger-than-stendard exhsust cone used with this nozzle.

DISCUSSION OF RESULTS
Spectrum of Noise

In all cases where significant noilse reduction was achieved (noz-
zles C, D, G, H, I, and J), the effect occurred at low frequenciles. At
high frequencies, the noise was elther unaltered or slightly increased.
For example (fig. 17(d)), nozzle D shows reduction only at frequencies
less than 2400 cycles per second, while at the higher frequencies the
sound-power level was virtually unchanged. The reasons for this can be
explaeined in the following manner.

When two adjacent Jjets, as shown 1n the following sketch, emerge

from the nozzle, they mix with the surrounding air and spread. At some
point downstream, the mixing zones intersect. The noise generated by
each of the jets between the nozzle exlt and the point of intersection
should remsin virtually unchanged, whereas the nolse generated downstream
of this point would be altered. Thisg does not necessarily mean that the
high-frequency noise (generated near the jet exit) measured in the far
field would be unaltered. It would be expected that the mixing of the
two jets would result in decreesed eddy slzes and a consequent decresase
in the low-fregquency nolse generated downstream with an increase in the
high-frequency generation. If the turbulent intensity in the mixing
region of the adjacent jets is reduced (unpublished data), then an in-
crease in high-frequency radiation may not be too significant in terms
of total sound power. This decrease in both eddy size and turbulent
intensity would fulfill the requirements for nolse reduction stated in
reference 7.

If the adjacent Jjets are considered to expand uniformly at a half-
angle of 9.4° (ref. 13), then 1t is possible to calculate the distance
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dowvnstream x at which the two Jets impinge. It would be expected that,
in general, the frequencies most affected would be those generated prin- -

cipally downstream of polint x.

In reference 13 a curve is given of the spparent positlions of the
acoustic sources in a Jet as a function of the axial downstream distance,
the high frequencies belng genersted near the jet exit and the lower
frequencies, downstream. These data are presented in terms of the di--
menslonless parameter, Strouhal number fD/V, agaeinst downstream dis-
tance in exit diameters (fig. 16, ref. 13). Unpublished NACA data show
that the relation given holds over a wide range of nozzle dlameters and
Jjet velocities. If it is aessumed that rectangular slots generate sound
in the same manner and that the imporitant dimenslon is the jet width,
then 1t is possible to calculate the highest frequency affected by mix-
ing interference f.. This has been done, and the results are given in

table II. These calculations were made for the conditions at a nominal
engine speed of 97.5 percent rated speed. Estimates of f; have been n

made for both nozzles B and C using an effective width and spacing. The
effective width and spacing were calculated, by essuming that, since the
gas passsges are roughly trepezoldel, the effective width is gpproxi-~
mately two thirde the distance between the outer and inner shells and, of
course, nearest the outer shell. No estlmates were attempted for nozzle
I, which has noncoplanar exlts.

1%, %% 4

A comparison of the calculations-with the frequencies estimated
from the appropriate- power-level distribution curves shows thet, in
general, the agreement is quite ‘good. The notsble exception is nozzle
F. BSince thils nozzle was a very lneffective suppressor, the difference
probably results from the dissimilarity between the actual flow condi-
tions as compared with the simplified calculations.

Sound~-Power (Generstion

Further study of the sketch shown previously would indicate that
the ratio of the volume in which mixing interference occurs to the total
volume of the adjacent Jjets 1s proportional to s/w. Furthermore, the
volume ratio is dependent on the total number of Jets for which mixing
interference occurs. Since it might be expected that the outside halves
of the end Jets would be relatively unaffected, then the total volume
ratio would be approximately the product of s/w end the number of Jets
less one, that is, the number of spaces between nozzle segments n. The
nolse suppression of the slotted nozzles would therefore be expected to
be a function of ns/w.

A simple measure of the suppression of the slotted nozzles 1s shown
by the ratio of the sound power generated by the suppressor nozzle to
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that of the standard nozzle (fig. 25). Pigure 27 shows this sound-

power ratio (at rated engine conditions) as a function of ns/w. Also
shown on thig curve are the data for nozzle C, which has no end effects.
The general result would appear to be that all the datae except those for
nozzles E, F, and J can be represented by a single curve. Undoubtedly
the slot height hes some effect. It would appear that thls effect ie
small for all the nozzles except E and F. As long as there is sufficient
room between adjacent Jets for the mixing air to freely traverse down the
slots, then the solid curve spplies. If this 1s not the case, then the
curve is shifted upwerd, as shown in figure 27. This upward shift prob-
ebly occurs sbruptly, as is usuel with phenomensa related to jet attach-
ment to surfaces. Such phenomena ususlly occur becsuse of a pressure
differential, and the jet will try to maintain 1ts normal pattern and
then suddenly shift as a certain pressure differential is reached. From
an examingtion of the geometry of the configuretions, it would appear
thet this shift occurred somewhere between a spacing-to-height ratlo

s/h of 0.167 and 0.1ll.

The results for nozzle J might well be high, since this nozzle
showed marked differences in the sound field dependent on the nozzle
orientation. A single average of the sound powers (vertical end hori-
zontal nozzle orientation) may not be sufficlent for this particular
nozzle,

It might be expected that the solid curve representing the better
noise suppressors would hold generally for all suppressors of this type.
In fact, unpublished data using model jJjets show good agreement with this
curve for comparable values of Jet pressure ratioc. Since this is the
case, then figure 27 indicates that the most nolse reduction which could
be expected from such suppressors occurs near na/w of 12, It appears
that further increases in ns/w wlll not result in substantial noise
decreases. Certainly increases in s/w will tend to increasse noise
levels, since jets spaced far apart should be relatively unaffected by
mixing Interference. In fact, at large values of s[w the levels should
return to that for the standard nozzle.

CONCLUDING REMARKS

It is evident from the results presented herein that it is possible
to greatly alleviate the noise problems of current Jet engines. It is
not possible, however, to recommend any specific nozzle as aeppreclably
better than sll the others. Nozzles C, D, G, H, I, and J all appear to
be reasonsbly good suppressors and reduce sound power by 50 to 75 percent
(3 to 6 db). The reductions in the power in various frequency bands is
as much as 15 decibels. The sound-pressure levels at particular positions
showed reductions of 5 to 12 decibels with as much as 18 declbels in
various frequency bands. In some cases the sound fields (nozzles D and
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J) are not rotationally symmetrical and hence will cause specisl prob-
lems, Nozzles C, H, and J had considersble thrust loss (ebout 4 to 7
percent), whereas nozzles D, G, and I had quite pmall thrust losses.

Apparently 1% is not possible to achieve a great deal more sound
reduction from the types of nozzles presented herein. The conversion
of the test nozzles to flyling hardware represents & considerable devel-
opment effort. Furthermore, & great many practical problems in regard
to nozzle welght and drag Iin flight remain to be answered. Certainly
all the nozzles tested wlll require further study to minimize these

effects.

Lewis Flight Propulsion Laboratory
National Advisory Commlttee for Aeronautics
Cleveland, Ohlio, January 22, 1957
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TABLE I. - NOISE-SUPPRESSION NOZZLES
Letter|Rated Description of nozzle Details
desig-|thrust- in
natlon|of test fig. =~
engine,
1b
A 5,000 |8ix-corrugation or Greatrex type (ref. 6) nozzle 3
B 5,000 | Three-gegment-nozzle 4
c 10,000 | Twelve-segment nozzle with centerbody 5
D 5,000 |Nine-section rectangular (3 in. wide by 12 in. 6
high) slotted nozzle
E 5,000 |Nine-section rectangular (2 in. wide by 18 in, 7
high) slotted nozzle
F 5,000 | Seven~sectlon rectangular (Zg in. wide by 18 in. 8
high) slotted nozzle (modification of nozzle E)
5,000 |Six-section rectangular (6 in. wide by 9 in. high) 9
slotted nozzle
H 5,000 |8ix-section rectengular (9 in. wide by 6 in. high) 10
slotted nozzle
I 5,000 |Six-section rectangular (9 in. wide by 6 in. high) 11
offset (different exit planes) slotted nozzle
Jd 5,000 |Eighteen-section rectangular (2.7 in. wide by 12
6 in. high) slotted nozzle
X 5,000 |Twelve-sectlion rectangular (4 in. wide by 6 in, 13

high) slotted nozzle (modification of nozzle J)

TABLE II. - FREQUENCY f, AT DISTANCE x

DOWNSTREAM WHERE ADJACENT JETS IMPINGE

Nozzle fx, cps
Calculeted Measured
B 1223 1000 (fig. 14§c))
C 1365 1600 (fig. 15(c))
D 2600 2400 (fig. 16(4))
E 1815 1800 (fig. 17(4))
F 3170 2200 (fig. 18(d))
G 914 . 720 (fig. 19(c))
H 850 800 (fig. ZOEC))
J 2270 2100 (fig. 22(d))

eoCy
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Figure 2. - Locetion of survey stations in sound field around
engline thrust stand.
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Figure 3. - Nozzle A, six-corrugation or Greatrex type (ref. 6) nozzle.
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Figure 4. ~ Norzle B, three-segment mozzle.
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(a) Photograph.

(p) Bketch.

Figure 5. - Nozzle C, twelve-segment nozzle with centerbody.
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Figure 6. - Nozzle D, nine-section rectangular {5 in. wide by 12 in. high) slotted nozzle.
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(b) Sketch.

Figure 7. - Nozzle E, nine-section rectangular (2 in. wide by 18 in. high) slotied nozzle.
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(b) Sketch.

Figure 9. - Nozzle G, six-section rectengular (6 in. wide by 9 in. high) slotted nozzle.
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Pigure 10. - Nozzle H, six-section rectengular {9 in. wide by 6 in. high) slotted nozzle.
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(b) Sketch.

Figure 11. - Nozzle I, six-section rectangular (9 in. wide by 6 in. high) offset slotted mnozzle.
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(b) Sketch.

Figure 12. - Nozzle J, eighteen-section rectangular (2.7 in. wide by 6 in. high) slctted nozzle.
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(b) Bketch.

Figure 135. - Nozrle K, twelve-section rectangular (4 in. wide by 6 in. high) slotted mozzle.
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